Introduction
Plasma membrane disruptions are widespread and normal events in many animal tissues. Cell survival following plasma membrane disruption depends on rapid resealing of the cell membrane. The energy-dependent processes involved in plasma membrane resealing are triggered by Ca 2+ influx through the wound (McNeil and Steinhardt, 2003) . Plasma membrane resealing by lipid bilayer reorganization requires a reduction in cell membrane tension that is mediated by Ca 2+ -regulated exocytosis of internal vesicles (Togo et al., 2000) .
When cells are wounded twice, the second membrane disruption generally reseals more quickly than the initial wound (Togo et al., 1999; Togo et al., 2003) . The faster membrane resealing is due to an increased amount of exocytosis after repeated wounds. Two different signaling responses, potentiated and facilitated, have been described, dependent on the site of the second wound relative to the first (Togo et al., 2003) . The potentiated response is characterized by a faster resealing response to a second wound at a different site. On the other hand, the facilitated response is characterized by a faster resealing response to a second wound at the same initial wound site, depends on both a threshold extracellular Ca 2+ concentration and protein kinase C (PKC) activity, and is sensitive to brefeldin A (BFA) (Togo et al., 1999; Togo et al., 2003; Shen and Steinhardt, 2005) . Specifically, when the same site of a cell membrane is wounded twice within 5 minutes in the presence of Gö-6976, a specific inhibitor for PKC-␣ and ␤ 1 (Martiny-Baron et al., 1993) , facilitation of membrane resealing at a second wound is inhibited (Togo et al., 1999; Togo et al., 2003) . However, inhibition of PKC by Gö-6976 has no effect on the facilitation of second wound resealing at a different wound site (Togo et al., 2003) . BFA inhibition of vesicle traffic from the Golgi complex (Klausner et al., 1992) produces a similar pattern of inhibition of facilitation for second wounds at the same or different sites as does Gö-6976 (Togo et al., 1999; Togo et al., 2003; Shen and Steinhardt, 2005) . BFA does not affect membrane resealing after an initial wound (Togo et al., 1999) , even though several studies have shown that BFA also induces membrane tubulation of endosomes and lysosomes (Klausner et al., 1992) . These results strongly suggest that membrane traffic from the region of the trans-Golgi network (TGN) is directed toward the site where the vesicle pool has been depleted by a previous membrane disruption.
One aim of the present study was to clarify the behavior of microtubules (MTs) upon cell membrane disruption, because the long-range transport from the Golgi/TGN occurs along MTs (Toomre et al., 1999; . To monitor the behavior of MTs, green fluorescent protein (GFP)-tagged ␣-tubulin and endbinding protein 1 (EB1), a MT plus-end-tracking protein, were expressed in PtK2 cells. This study provides the first evidence that Ca 2+ influx upon cell membrane disruption regulates the subcellular recruitment of EB1 to the MTs, resulting in the Resealing of a disrupted plasma membrane requires Ca 2+ -regulated exocytosis. Repeated disruptions reseal more quickly than the initial wound. This facilitated response requires both Ca 2+ and protein kinase C (PKC), and is sensitive to brefeldin A. There is also evidence that this response is polarized to the site where the cell membrane had previously been disrupted. Observations of GFPtagged ␣ ␣-tubulin and end-binding protein 1 (EB1) revealed that membrane disruption initially induced disassembly of microtubules around the wound site, followed by elongation of microtubules toward the wound site. Recruitment of EB1 to microtubules required Ca 2+ influx, but was independent of PKC. NBD C 6 -ceramide, a probe for the Golgi apparatus and Golgi-derived lipids, initially stained the perinuclear region, and a portion of the probe was translocated to the wound site 5 minutes after wounding. Translocation of the lipids required microtubules and PKC activity, and was suppressed by low temperature. On the other hand, constitutive traffic of the lipid was still normal in the presence of a PKC inhibitor. These findings suggest that membrane disruption stimulates regulated vesicle traffic from the region of the trans-Golgi network to the wound site along rearranged microtubules in a PKC-dependent manner. rearrangement of MTs. Furthermore, by use of a fluorescent lipid probe, this work also shows that regulated vesicle traffic toward the plasma membrane from the region of the TGN is stimulated by membrane disruption.
Results
Cell membrane disruption induces disassembly and reassembly of MTs around the wound site To monitor the behavior of MTs, a vector encoding EGFP-␣-tubulin was transfected into PtK2 cells. Cells expressing EGFP-␣-tubulin were wounded with a glass needle and were observed by conventional inverted fluorescent microscopy. Since PtK2 cells are extremely flat, the behavior of MTs can be adequately monitored in a single focal plane (Toomre et al., 1999) . When cells were wounded in 1.8 mM Ca 2+ Ringer's solution, cell membrane disruption initially induced disassembly of MTs around the wound site (Fig. 1A) . The disassembled area propagated from the wound site for 16.25±1.25 seconds at the rate of 0.923±0.071 m/second (5 cells). Within 30 seconds of membrane disruption, initiation of MT reassembly could be detected. A typical time-lapse sequence is shown in Fig. 1B . Measurements of the distance between MT ends and the wound site revealed that MTs spent most of the time approaching (73.2%); as a result, MT ends continuously approached the wound site (Fig. 1C) . The average approach rate was 2.14±0.17 m/minute. Similar reassembly of MTs was observed in four out of four cells.
EB1 is a member of a conserved protein family that localizes to polymerizing MT plus ends and can promote MT assembly (Tirnauer and Bierer, 2000; Schuyler and Pellman, 2001; Tirnauer et al., 2002; Busch and Brunner, 2004) . To detect growing MT plus ends, EB1-GFP was expressed in PtK2 cells. Fluorescent 'comets' with bright fronts and dimmer 'tails' were observed at the elongating MTs in PtK2 cells, as described in other cells (Mimori-Kiyosue et al., 2000; Ma et al., 2004; Salaycik et al., 2005) . There were also faint MT images in addition to the comets. These MT images disappeared during recording possibly as a result of photobleaching. When the cell was wounded in 1.8 mM Ca
2+
Ringer's solution, numerous comets appeared around the wound site within 30 seconds of cell membrane disruption (arrowheads in Fig. 2A) , and some comets approached the wound site (arrows in Fig. 2A ) (see also supplementary material, Movie 1). A small increase in brighter EB1 comets was also observed throughout the cell, but the obvious increase in the number of comets observed around the wound site was not observed throughout the cell (Fig. 2B and supplementary material, Movie 2). The same results were obtained in all five cells examined. These experiments clearly indicate that membrane disruption induces both recruitment of EB1 to the disassembled MTs and elongation of MT ends especially around the wound site.
Reassembly of MTs upon cell membrane disruption is Ca 2+ -dependent, but not PKC-dependent To investigate the involvement of Ca 2+ in MT dynamics, Ca 2+ concentration was lowered from 1.8 mM to 0.4 mM. 0.4 mM Ca 2+ is well above the threshold level required for membrane resealing although the rate of the resealing is slowed (Steinhardt et al., 1994; Bi et al., 1995) . Therefore cells can usually survive both initial and second wounds, but the facilitated response at the second membrane resealing is suppressed (Togo et al., 1999) . When cells expressing EGFP-␣-tubulin were wounded in 0.4 mM Ca 2+ Ringer's solution, disassembly of MTs around the wound site was induced (Fig.  3A) . Propagation of the MT disassembled area continued for 46.00±1.87 seconds (six cells), which was about 2.8 times longer than in 1.8 mM Ca 2+ Ringer's solution, and the rate was about four times slower than in 1.8 mM Ca 2+ Ringer's solution (0.228±0.008 m/second, six cells). These results indicate that Ca 2+ influx through the wound site promotes MT disassembly. It has already been shown that Ca 2+ stimulates MT disassembly by specifically promoting the catastrophe reaction (O'Brien et al., 1997) .
Sustained movement of plus-end tips of disassembled MTs toward the wound site could not be detected in 0.4 mM Ca 2+ Ringer's solution. A typical time-lapse sequence is shown in Fig. 3B . For instance, an MT end indicated by a green dot in Fig. 3B approached the wound site 60-140 seconds after membrane disruption, but left the wound site after that. There were also MTs that did not approach the wound site at all during observation. Measurements of the distance between the wound site and the MT ends also indicated that behavior of MTs was independent of the wound site (Fig. 3C ). These observations were reproduced five times in independent experiments.
When cells expressing EB1-GFP were wounded in 0.4 mM Ca 2+ Ringer's solution, a slight increase in the bright EB1 comets was observed throughout the cell (Fig. 4B) . However, there was no obvious directional movement of EB1 comets toward the wound site ( Fig. 4A and supplementary material, Movie 3). Similar results were obtained from five other cells. These observations indicate that EB1 recruitment to the MTs around the wound site is induced by massive Ca 2+ influx through the wound site.
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The facilitated response of membrane resealing is suppressed by a specific PKC inhibitor, Gö-6976 (Togo et al., 1999) . To examine the effect of PKC inhibition on the behavior of MTs, cells expressing EGFP-␣-tubulin were wounded in 1.8 mM Ca
2+
Ringer's solution containing 1 M Gö-6976. Disassembly of MTs upon cell membrane disruption was induced as in control experiments. The disassembled area propagated from the wound site for 15.00±1.09 seconds at the rate of 0.958±0.167 m/second (five cells). Within 30 seconds of membrane disruption, approach of MT plus-end tips toward the wound site could be detected in five out of six cells. As in the control experiment, disassembled MTs spent more time approaching (84.4%), resulting in continuous elongation toward the wound site. The average approach rate was 2.73±0.65 m/minute.
To observe growing MT plus ends, cells expressing EB1-GFP were wounded in the presence of 1 M Gö-6976 in 1.8 mM Ca 2+ Ringer's solution. A typical time-lapse sequence is shown in Fig. 5 . Within 30 seconds of cell membrane disruption, numerous EB1-GFP comets appeared around the wound site (arrowheads in Fig. 5A ), and some comets approached the wound site (arrows in Fig. 5A ), as observed in control experiments (see also supplementary material, Movie 4). There was also an increase in the number of brighter EB1 comets throughout the cell as observed in the control experiments (Fig. 5B) . These results indicate that rearrangement of MTs upon cell membrane disruption is not sensitive to Gö-6976, and suggest that PKCs that are inhibited by Gö-6976 may have other targets than the MTs during facilitated response.
Cell membrane disruption stimulates delivery of NBD lipids toward the wound site NBD C 6 -ceramide is a vital stain for the Golgi complex, and has been used as a tool for studying lipid traffic between the Golgi and the plasma membrane (Lipsky and Pagano, 1985a; Lipsky and Pagano, 1985b ). NBD C 6 -ceramide is metabolized in living cells to sphingomyelin and a glucosylceramide, and these fluorescent metabolites are subsequently transported to the cell membrane from the Golgi complex by a vesicle-mediated process (Lipsky and Pagano, 1985b) . To monitor the translocation of NBD C 6 -ceramide and its metabolites upon cell membrane disruption, PtK2 cells were loaded with 5 M NBD C 6 -ceramide as described in the Materials and Methods. As reported previously (Lipsky and Pagano, 1985b) , the probe initially stained the Golgi, and 2 hours later the entire surface of the cell became fluorescent in addition to the Golgi, if cells were not wounded (data not shown). When cells were wounded in 1.8 mM Ca 2+ Ringer's solution, the region around the wound site was visibly fluorescent 5 minutes after the wounding (Fig. 6A) .
When cells were treated with 1 M Gö-6976 in 1.8 mMCa 2+ Ringer's solution, fluorescent lipids were not observed around the wound site (Fig. 6B ). When the cell was incubated in 1 M Gö-6976 without wounding, the entire surface of the cell became fluorescent 2 hours later, as observed in a control experiment. These results indicate that constitutive traffic of fluorescent lipids is not sensitive to Gö-6976, but regulated traffic upon cell membrane disruption is sensitive to Gö-6976.
To examine the effect of MT disassembly on the appearance of the fluorescent spot around the wound site, cells were loaded with NBD C 6 -ceramide in the presence of 1 g/ml nocodazole, and further incubated with 1 g/ml nocodazole for 30 minutes at 37°C before wounding. As shown in Fig. 6C , appearance of a fluorescent spot around the wound site was inhibited by treatment with nocodazole, indicating that lipid traffic toward the wound site required MTs.
It has been known that incubation at low temperature blocks vesicle transport from the Golgi complex (Matlin and Simons, 1983; Saraste and Kuismanen, 1984) . As shown previously, incubation at low temperature (20°C) does not inhibit membrane resealing at the initial wound, but the facilitated response of second membrane resealing is specifically suppressed (Togo et al., 1999) . When cells were wounded at 20°C, fluorescent lipids could not be detected around the wound site (Fig. 6D) .
To determine the effect of nocodazole on membrane resealing, cells were loaded with 1 M calcein-AM for 1 hour in the presence or absence of 1 g/ml nocodazole, and wounded twice. Membrane disruption was indicated by the loss of calcein (Fig. 7A) . When the cell membrane resealed, the fluorescent intensity stabilized (bars in Fig. 7A) . To compare the timing of membrane resealing in each condition, the resealing rate was defined as the inverse of the resealing time in seconds. When cells were wounded in the absence of nocodazole, second membrane resealing was facilitated (Fig.  7) as shown in other cell types previously (Togo et al., 1999; Shen and Steinhardt, 2005) . When cells treated with nocodazole were wounded, the initial resealing rate was not affected by this treatment. On the other hand, nocodazole prevented membrane resealing at the second wound. Eight out of 12 cells could not survive a second membrane disruption, whereas only two out of 13 cells could not survive a second membrane disruption in control experiments. These results support the idea that the vesicles required for the second membrane resealing are derived from the Golgi complex and/or the region of the TGN along MTs in a PKC-dependent manner.
Discussion
Plasma membrane disruption evokes a rapid exocytosis, which is essential for successful membrane resealing (McNeil and Steinhardt, 2003) . It has previously been shown that the rate of membrane resealing with repeated wounds at the same site is facilitated, and that this response requires both Ca 2+ and PKC activity, and is sensitive to BFA (Togo et al., 1999; Shen and Journal of Cell Science 119 (13) Steinhardt, 2005) . Lowering the temperature below 20°C also blocked facilitation, as expected from a block of Golgi function at that temperature (Togo et al., 1999) . When FM1-43-loaded cells were wounded twice, exocytosis at the second wound, revealed by FM1-43 destaining, was less than at the initial wound (Togo et al., 1999) . Therefore, these results suggest that the PKC-dependent short-term facilitation reflects the availability of a newly generated vesicle pool from the region of the TGN that is not labeled with FM1-43. Furthermore, same-site facilitation was found to be a polarized reaction only to the site where the calcium-sensitive vesicle pool had been depleted by a previous membrane disruption (Togo et al., 2003; Shen and Steinhardt, 2005) . BFA did not affect the membrane resealing of an initial wound (Togo et al., 1999) , even though several studies have shown that BFA also induces membrane tubulation of endosomes and lysosomes (Klausner et al., 1992) . These results strongly suggest that the direction of vesicle transport from the region of the TGN to the plasma membrane is actively regulated upon cell membrane disruption.
The present study shows that membrane disruption triggers recruitment of EB1 to the MTs especially around the wound site and stimulates elongation of MTs toward the wound site. This rearrangement of MTs seems to be required for the facilitated response of membrane resealing, because postGolgi secretory traffic requires MTs (Toomre et al., 1999; . In fact, membrane disruption stimulates the delivery of the fluorescent probe for Golgi-derived lipids, NBD C 6 -ceramide, toward the wound site along MTs, as shown here by nocodazole inhibition. Furthermore, treatment of cells with nocodazole inhibited membrane resealing at the second wound, but not at the initial wound.
The present study suggests that Ca 2+ influx upon cell membrane disruption locally regulates the affinity of EB1 for the MTs. PKCs have been associated with MTs in many cell types (Kiley and Parker, 1995; Garcia-Rocha et al., 1997; Hosotani et al., 2001; Kabir et al., 2001; Szalay et al., 2001; Nakhost et al., 2002) , and, in yeast, PKC1 regulates the function of MTs through BIM1, the yeast EB1 homologue (Hosotani et al., 2001) . As shown in this study, however, PKC inhibition by Gö-6976 had no effect on the recruitment of EB1 upon cell membrane disruption. Further studies are required to clarify how Ca 2+ influx upon cell membrane disruption stimulates EB1 recruitment to the MTs.
In contrast to the rearrangement of MTs, lipid traffic toward the wound site was PKC dependent. Gö-6976 does inhibit the facilitated response of membrane resealing for a second wound at the same site (Togo et al., 1999) . Also, PKC activation by phorbol ester facilitates membrane resealing at the initial wound, but phorbol ester does not facilitate membrane resealing if cells are pretreated with BFA (Togo et al., 1999) . These results support the hypothesis that PKC stimulates the regulated secretory pathway from the region of the TGN to the wound site, although the PKC subtypes involved in this process and substrates for PKC remain to be elucidated. These are currently under investigation. It should be noted that the delivery of fluorescent lipids toward the wound site was inhibited when cells were wounded at 20°C. This result further suggests that membrane traffic to the wound site from the region of the TGN was by a vesicle-mediated process, because incubation at low temperature blocks vesicle transport from the Golgi complex (Matlin and Simons, 1983; Saraste and Kuismanen, 1984) . However, BFA and lower temperatures may have pleiotropic effects disrupting most endosomes and trafficking in addition to their dispersal and the ablation of Golgi function. An alternative mechanism would be mobilization of a store of vesicles that was previously stable and inactive and that therefore had not been labeled by the pretreatment with FM1-43 (Togo et al., 1999) . Wounding the cell membrane evokes a series of membranetrafficking events at a distinct time and place ranging from the immediate Ca 2+ -regulated exocytosis of docked vesicles to the generation, recruitment, and transport of new ones. Membrane disruption stimulates Ca 2+ -dependent disassembly of MTs around the wound site, which is followed by elongation of MTs toward the wound site (Fig. 8) . Membrane disruption also stimulates lipid traffic from the region of the TGN toward the wound site, possibly along elongated MTs. These responses may refill the vesicle pool around the wound site that is depleted by a previous membrane disruption. The adaptive response leading to faster cell membrane resealing at repeated wounding would work to minimize the toxic effects of excessive Ca 2+ entry (Trump and Berezesky, 1995) and the loss of crucial cellular constituents.
Materials and Methods

Cell culture
PtK2 cells were grown in minimum essential medium (MEM) supplemented with 100 IU/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine, 1ϫ nonessential amino acids (all media components were from Invitrogen, Carlsbad, CA) and 10% fetal calf serum (Moregate Biotech, Bulimba, Australia) at 37°C in a 5% CO 2 humidified atmosphere. Cells for experiments were plated on glass-based 35 mm dishes (Asahi Techno Glass, Chiba, Japan).
Transfection
The expression vector for enhanced GFP (EGFP)-␣-tubulin was purchased from Clontech Laboratories (Mountain View, CA). EB1-GFP plasmid DNA was kindly provided by Y. Mimori-Kiyosue (KAN Research Institute, Kyoto, Japan) (MimoriKiyosue et al., 2000) . Vectors were transfected into cells using the CalPhos transfection kit (Clontech) in accordance with the manufacturer's protocol. Cells were observed 48 hours after the transfection.
Fluorescent lipid-labeling of cells
A complex of NBD C 6 -ceramide with defatted BSA was purchased from Molecular Probes (Eugene, OR). Cultures were incubated with 5 M NBD C 6 -ceramide/BSA in Hanks' balanced salt solution (HBSS, Invitrogen) for 30 minutes at 4°C, washed several times with ice-cold HBSS, and further incubated in fresh HBSS for 30 minutes at 37°C.
Wounding and image analysis
During wounding experiments, the cells were maintained either in 1.8 mM or in 0.4 mM Ca 2+ Ringer's solution. Ca 2+ -free Ringer's solution contained 138 mM NaCl, 2.7 mM KCl, 1.06 mM MgCl 2 , 5.6 mM D-glucose and 12.4 mM HEPES, pH 7.25. A stock solution of 100 mM CaCl 2 was used to adjust the concentration of Ca 2+ . The cells were observed on an IX-71 inverted microscope (Olympus, Tokyo, Japan) equipped with a PlanApo 60ϫր1.40 NA oil-immersion objective. Cells were kept at 37°C during observation unless otherwise stated, and were wounded with a glass needle using an Injectman 5179 and Transjector 5246 (Eppendorf, Hamburg, Germany). The time setting for wounding was 0.3 seconds. Images were collected with Retiga EXi Fast 1394 camera (QImaging, Burnaby, Canada) driven by SlideBook imaging software (Intelligent Imaging Innovations, Denver, CO). Exposure was controlled by a Lambda 10-2 optical filter changer (Sutter Instrument, Novato, CA) that was also driven by SlideBook. After collecting images, the cell was visually inspected and MTs were also observed for viability. If the cell membrane failed to reseal, MTs were completely disassembled throughout the cell owing to a continuous influx of Ca 2+ . The data from these cells were discarded. If the cell survived the membrane disruption, then the cell was wounded again using bright field illumination, and the site of membrane disruption was recorded for later analysis. Images of EGFP-␣-tubulin and EB1-GFP were then processed using the 'No Neighbors' deconvolution menu with SlideBook software to reduce out-of-focus haze and to enhance contrast. The stored frames were subsequently exported into TIFF format. The TIFF series was then converted into a QuickTime movie.
Estimation of the resealing rate
Calcein-AM (Molecular Probes) was loaded into the cells in the presence or absence of 1 g/ml nocodazole for 1 hour at 37°C. Then the cells were wounded with a glass needle in 1.8 mM Ca 2+ Ringer's solution as described above, and the fluorescence of calcein was monitored. A persistent decrease of fluorescent intensity (as an indicator of dye loss) indicates resealing failure. A transient decrease of fluorescent intensity indicates successful resealing. The resealing rate was defined as the inverse of resealing time in seconds. For cells that failed to reseal, the rate was defined as zero.
